and propane. The average molecular weight of LNG is about 16 g/mol, which is larger than hydrogen but much less than kerosene. Thus, the Isp of LNG propellant is greater than Kerosene. LNG can be stored in a tank at 110K and easier to handle than LH 2 , though LNG is cryogenic fluid. However, the application of LNG propellant has not been realized so far. For the booster stage rocket, kerosene can produce greater thrust than LNG. For the upper stage, the Isp of LH 2 is superior to LNG.
Recently, LNG is reconsidered as the propellant for an interplanetary transfer vehicle or an booster rocket engine due to its low cost and easy handling ( Brown, C.D. 2004 and Crocker, A. M. 1998) . In such engine, the regenerative cooling system and a turbopump are necessary to improve its propulsive performance. As well as kerosene fuel, LNG pyrolysys can be also occurred in high temperature condition, which means that coking problem arise in the regenerative cooling with LNG. Few databases are available about LNG pyrolysis, because LNG propellant has not been utilized in the rocket engine until now. Therefore, such databases must be prepared for a successful development of this engine. For the turbopump, it feeds the propellant to combustion chamber with high pressure and is operated by various cycles, for example, gas generator cycle, staged combustion cycle and expander cycle. In the expander cycled rocket engine, turbopump is driven by the high temperature propellant gas. The propellant cooled the combustion chamber and receive the heat. The higher temperature and the lower molecular weight propellant is, the larger turbine power can be obtained. Therefore, the expander cycle have usually employ the LH 2 , however, LNG also has the feasibility for the expander cycled turbopump ( Brown, C.D. 2004 and Crocker, A. M. 1998) . the efficient heat exchange in cooling passage is one of the most important factors to establish the expander cycled rocket engines. It is necessary to control the LNG pyrolysis in the high temperature environment.
For successful development of LNG rocket engine with regenerative cooling, the fundamental characteristics of LNG pyrolysis must be cleared. The present study focused on 1) the temeperature to begin CH 4 pyrolysis, 2) the catalytic effect of combustion chamber materials, 3) the effects of addition of propane to CH 4 . At same time, numerical analyses are conducted to simulate CH 4 and CH 4 -propane mixture. Secondary, the authors proposed coking inhibition methods and experimentally evaluate it. 
Fundamental study on coking characteristics of LNG rocket engine chamber 2.1 Experimental study of CH 4 pyrolysis and catalytic effects of chamber material
To make clear the fundamental characteristics of methane pyrolysis, the authors conducted the experimental investigation. In the present section, we introduced the experimental results by Higashino, K. et. al. ( Higashino, K. et. al. 2009A ) The test apparatus shown in the Figure 1 is employed. The CH 4 gas (99.99% of purity) is supplied from the test gas bottle to silica glass tube, where is heated by the electronic furnace. The nitrogen gas can be also fed to gas flow passage to purge the CH 4 gas. The flowrates of those gases are controlled by using flowrate control valves and pressure control valves. To investigate its catalytic effects on pyrolysis reaction, 10 pieces of combustion chamber materials (10mm length x 5mm width x 0.5mm thickness) are placed into the alumina board, which are located in this tube. Before the present tests, it must be evaluated whether the alumina board has any catalytic effects. If this alumina board has the catalytic effects on CH 4 or C 3 H 8 decomposition, it is very difficult to evaluate the accurate catalytic effect quantitatively. Figure 2 shows that time histories of methane conversion rates with pseudo LNG of 1 vol% C 3 H 8 for ascendant heating tests. The pseudo LNG mean the gas mixture of CH 4 and C 3 H 8 . In the heating tube, there is no INCONEL 600 piece, but the test conditions with and without alumina board are conducted. CH 4 conversions on those two conditions are compared each other. Those two CH 4 conversion rate have no differences and it is clear that the present alumina board has no catalytic effect on the CH 4 and C 3 H 8 pyrolysis. Figure 3 shows the results of pure CH 4 gas heating test. Fig.3 (a), (b) and (c) are the results of constant temperature heating test at 500 0 C, 700 0 C and 800 0 C, respectively. As shown Fig.3 (a), CH 4 conversion rate are always equal to 0 at 500 0 C as shown in Fig.3 (a). This means CH 4 pyrolysis did not occurred at this temperature. However, CH 4 pyrolysis is admitted at 700 0 C if any test pieces are placed in CH 4 gas and CH 4 conversion rate are greater in order of Inconel 600, Inconel 718 and A286 condition. The progression of CH 4 pyrolysis is proportional to the amounts of Ni in alloys, because Ni contents are 78%, 53.5% and 25% for Inconel 600, Inconel 718 and A286, respectively. This result indicates that Ni has the catalytic effect to promote this reaction. CH 4 conversion rate decrease with time for all of test pieces conditions. It is considered that the carbon deposits have adhered on the surface of test pieces and inhibit the catalytic effects. At 800 0 C, the time histories of CH 4 conversion rate are very different from those at 700 0 C, especially for A286 condition. For A286 condition, CH 4 conversion rate is decreased until 10 minutes, however, it turned to increase after that. A286 contains more Iron than Inconel 718 and Inconel 600. The carbon deposit on the A286 surface combined with Iron, if CH 4 pyrolysis proceeded. The carbon and Iron are combined to produce Iron carbide, which also has the catalytic effects. It is considered that it causes the tendency of A286 condition in Fig.2 
Ascendant Heating Test up to 850 0 C 3.0 -- Table 2 . Thicknesses of Carbon Deposit Films on the Surface of Test Pieces. Figure 4 shows the photographs of Inconel 718 test pieces employed for the ascendant heating test. It is clearly observed that carbon deposit on the surface of the test pieces. EPMA analysis is conducted to investigate the chemical constituents of those depositions. Figure 5 shows the results of MPMA analysis for ascendant heating test. These results also indicate that carbon deposits on the surface of the test piece after this test. MPMA can evaluate the thickness of the carbon deposit film on the test piece surfaces, which are indicated in Table 2 . In the case of Inconel 600, which has the maximum Ni constituent among these 3 materials, the carbon deposit films are measured in the constant temperature heating test ( 700 and 800 0 C ) and the ascendant heating condition. The thickness of the carbon deposit film is 3.0m at constant temperature heating condition of 800 0 C. However, that of A286 is 6.0 m and the thickest among those 3 materials at same heating condition. Measuring the mass difference of test pieces before and after test, the total mass of carbon deposit is amount to 3.7mg which is equivalent to CH 4 of 4.933mg. The total mass of CH 4 gas fed on can be evaluated as 1.603 g from equation (2).
where P, Q, R and M CH4 are pressure(=0.2MPa), volume flowrate(=20ml/min), Universal gas constant and molecular weight of CH 4 . T and t are the temperature and test period. The ratio of thermal decomposed CH 4 to total amount of supplied CH 4 is 0.308 %.
(a) Before Ascendant heating b) After Ascendant Heating The crystal structures of carbon deposits on the test piece surface are investigated by Raman analysis. Figure 6 shows the results of Raman analysis of Inconel 718 test pieces before and after the ascendant heating test. The two peaks are appeared in the test pieces after heating and the right peak is more distinguished than the left one, which means the pyrolytic carbon is deposited [Yoshikawa, S. 1991 ]. If the left peak would be higher than the right one, amorphous carbon is deposited, in contrast. For other materials in ascendant heating condition, Raman analysis of Inconel 600 shows the same tendencies with Inconel 718, however, that of A286 indicates that the amorphous carbon was deposited. In the constant temperature heating conditions for those 3 materials, pyrolytic carbon is deposited in lower temperature heating and amorphous carbon in higher temperature. The amorphous carbons are appeared in higher than 700 0 C for Inconel 718 and A286 and 800 0 C for Inconel 600. The pyrolytic carbon is easier to peel off from the metallic surface than the amorphous carbon, thus, pyrolytic carbon must be careful for the design of a regenerative cooling engine. It is considered that the crystal of the pyrolytic carbon has a strong combination with a metal. The XRD analysis is also empolyed for these test pieces. XRD analyses can make clear the internal crystal structure of these metallic materials and prevail that the peaks for Inconel 718 do not change after heating test as shown in Figure 7 . Those for Inconel 600 also do not change, however for A286, the peaks of XRD analysis are changed after the ascendant heating. This means that the Iron carbide is produced on the surface of A286 test pieces.
CH 4 -C 3 H 8 mixture pyrolysis and catalytic effects
The main constituent of LNG is CH 4 and the others are C 2 H 6 , C 3 H 8 and larger hydrocarbon molecule. Non-hydrocarbon constituents are N 2 or H 2 S. The higher purity of CH 4 is, the more favourable propellant is. LNG from Alaska or Canada have higher purity of CH 4 , however, those from South East Asia have 10 to 15 vol. % of C 2 H 6 and C 3 H 8 , which may be used for a rocket propellant because of cost. C 3 H 8 is known to be decomposed easier than CH 4 and radical species like H atom, CH 3 and C 2 H 5 are produced. The radical species can attack to CH 4 and promote its pyrolysis. The effects of those radical species are significant even if mole fraction of C 3 H 8 is a few percent.
The chemical compositions of LNG are varied from the production area. Thus, in the present section, LNG is modelled by CH 4 and C 3 H 8 mixture, which is call as pseudo-LNG in the present study. The details of test conditions are listed in Table 3 . The test pieces materials are selected as Inconel 600, Haetelloy -X, SMC, OFMC and OMC. Hastelloy-X is one of the Ni-based alloy, as well as Inconel 600. SMC, OFMC and OMC are Copper based Alloys and included in the test pieces materials. Copper has high heat conductivity, thus, is also used for combustion chamber material. Test apparatus is same one shown in Fig.1 . The results in this section are referred from Higashino, K. ( Higashino, K. et. al 2009B ) To investigate the effects of C 3 H 8 addition of CH 4 , the ascendant heating test is conducted for pseudo-LNG, whose volumetric fraction of C 3 H 8 is 1.0 %. In these tests, the catalytic effects are also experimentally evaluated. C 3 H 8 molecules begin to decompose as well as CH 4 , if test gas would be heated. The test gas is sampled and the volumetric fractions of the remained C 3 H 8 are measured by the gas chromatograph. Figure 8 shows the C 3 H 8 residual ratios, which means the ratio of the remained and the initial volumetric fractions of C 3 H 8 . If there is no test piece, C 3 H 8 begin to decrease at 527 0 C ( 800 K ), which is about 300 0 C lower than pure CH 4 pyrolysis without test piece. If the test pieces of Inconel 600 or Hastelly-X are employed, C 3 H 8 residual ratios begin to decrease at 377 0 C. Thus, these materials have the catalytic effects to promote the C 3 H 8 pyrolysis. On the other hand, tendency of C 3 H 8 residual ratio with SMC test pieces are almost same as that without test pieces. SMC does not have the catalytic effects. If the temperature is more than 727 0 C, C 3 H 8 residual ratios are less than 100 ppm, and too low to be detected by gas chromatograph.
The thicknesses of the carbon film on the test piece surface are measured by using the electron microscope and its results are shown in Figure 9 . The heating condition of Fig.9 is the constant temperature heating of 727 0 C. The thicknesses of the carbon film on SMC and OMC are less than 10 m. On the other hands, the thicknesses of the carbon film on Inconel 600 and Hastelloy-X enlarge if the volumetric fraction of C 3 H 8 is greater than 3.0 percent. Especially for Inconel 600, the thicknesses of the carbon film grows up to 442.3 mm at 5.0 volumetric percent of C 3 H 8 , while it is 2.4m and 38.5m at 1.0 and 3.0 vol.% of C 3 H 8 , respectively. For Inconel 600 with C 3 H 8 5.0 vol.%, the amounts of carbon deposited on the test pieces are measured by the electronic balance and evaluated as 78.2 mg. As well as equation (2) for pure CH 4 , the total mass of pseudo LNG can be calculated as 2.324g by equation (3) ( 3) where those notations are same as equation (2), but the subscripts means the chemical species. The mass fraction of carbon atoms in pseudo LNG with C 3 H 8 5.0 vol.% is given as equation (4) 
The mass of carbon atom in supplied pseudo LNG is calculated as 1.768 g and, then, the ratio of thermal decomposed gas to total supplied gas are about 4.4 %. In the previous section, the ratio of the decomposed CH 4 gas to total supplied gas are only 0.308 % at the constant temperature heating of 800 0 C. This temperature is higher than the present test; however, higher ratio of pseudo LNG gas is thermally decomposed. The addition of C 3 H 8 is very effective to promote the pyrolysis of CH 4 and C 3 H 8 .
Analytical model of CH 4 and C 3 H 8 pyrolysis
The experimental results described in the previous section are theoretically investigated in the present section. The reaction model of CH 4 pyrolysis are considered as described by Ichikawa [ Ichikawa 2001 ]. Figure 10 show the numerical results of the time histories of CH 3 radical for constant temperature heating of CH 4 . The mole fraction of CH 3 is rapidly increased at 900 0 C, while they remain to low values less than 800 0 C. This figure indicates that the CH 4 pyrolysis begins at temperature between 800 and 900 0 C, which agrees with the experimental data shown in Figure 3(d) . Figure 11 shows the time histories of mole fractions of CH 4 for pseudo LNG with C 3 H 8 1.0 vol.% and indicates the simulation of the experimental results in Fig.8 . The mole fraction of CH 4 for 700 0 C is instantaneously decreased, thus this numerical results is also agreed with the experimental data. Figure 12 shows the time histories of mole fraction of the principal chemical species for pseudo LNG with C 3 H 8 1.0 vol.% and 700 0 C. The mole fraction of CH 4 is rapidly decreased at 2.5 sec. At same time, the radical species, such as H atom, CH 3 and C 2 H 5 reach to maximum values. As described previously, those radical species are involved in CH 4 pyrolysis. Especially, C 2 H 5 and C 3 H 7 are the products of C 3 H 8 pyrolysis and precursors of CH 3 and H atom. C 2 H 5 and C 3 H 7 play important role in promoting CH 4 pyrolysis. After 3.0 sec, the mole fractions of those species are constant and reach to equilibrium.
Coking inhibition by graphite coating

Experimental evaluation of graphite coating for coking inhibition
In the previous section, it is indicated that CH 4 or CH 4 and C 3 H 8 gas mixture (pseudo LNG) can decomposed under high temperature conditions and carbon deposites. This coking phenomena can be accelerated by the catalytic effects of combustion chamber material. Thus, thermal design of regenerative cooling passage will be difficult because fuel temperature must be kept lower to prevent coking at there. However, if some inert materials would lay on the metallic surface, those catalytic effects might be prevented. Thus, the authors present to coat the graphite layer on the metallic surface for the purpose of preventing of coking. Graphite is a kind of the carbon materials and chemically inert. Therefore, graphite layer on the metallic surface is considered to confine the catalytic effect.
With those test pieces, the heating tests are conducted for CH 4 , pseudo LNG and N 2 +C 3 H 8 gas mixture.
The experimental apparatus is same with the previous sections. The conditions of the graphite coating tests are listed as 
The definition of equation (5) is same as equation (1), except subscript of C 3 H 8 .
If the carbon deposited in a regenerative cooling passage would have chemical activation, like as amorphous or activated carbon, these might be able to accelerate the thermal decomposition of CH 4 and C 3 H 8 because those carbon deposit will play role of catalysis. In the present section, the authors investigate the catalytic effects of carbon compounds such as, graphite, amorphous and activated carbon. Figure 13 indicates time histories of the CH 4 conversion rate in 700 0 C constant temperature heating tests. The test gas is the pseudo LNG gas with C 3 H 8 5.0 vol.%.Activated carbon, amorphous carbon and graphite are used for test pieces to investigate their catalytic effects. It is indicated that activated and amorphous carbon have the catalytic effects to thermal decomposition for this gas. On the other hand, graphite does not have them. This reason is considered that graphite would have been chemically inert. The results in Fig.13 indicate that graphite is chemically inert for LNG thermal decomposition. Based on these results, inhibition effects of graphite coating on the surface of INCONEL 600 test pieces are experimentally evaluated. For comparison, conditions of n-hexane coating, no coating and no test pieces conditions (Only alumina board is located.) are also investigated. Figure 14 show the CH 4 conversion rates in ascendant heating test for those four carbon coating conditions. Ten test pieces are used for one heating test. From Fig.14(a) , CH 4 begins to decompose at 600 to 700 0 C. As described in the previous section, it begins to decompose at 800 or 900 0 C with no catalytic conditions. Addition of C 3 H 8 can reduce the CH 4 decomposition temperature. C 3 H 8 can be decomposed at lower temperature than CH 4 , and radical species caused by C 3 H 8 pyrolysis can attack to CH 4 , resulting of reduction of thermal decomposition temperature. In Fig.14(a) and (b) , pyrolysis inhibition by graphite coating is apparent. Conversion rates for graphite coating condition increase more moderate than even those for no piece condition. Although, this reason is not clear, it is no doubt that graphite coating is effective to inhibit the catalytic effect of INCONEL 600. Moreover, these inhibitions are more effective for the decomposition of C 3 H 8 than that of CH 4 . This fact is more meaningful for the practical application of LNG rocket engine because most of LNG gas contains a few percent of C 3 H 8 . LNG highly purified by CH 4 is very costly.
www.intechopen.com On the other hand, n-hexane coating can accelerate CH 4 or C 3 H 8 pyrolysis more than no coating test pieces. This means the carbon in n-hexane coating have chemical activation.
For the practical LNG rocket engine, fuel temperature at the exit of regenerative cooling passage may be lower than the pyrolysis initiation temperature. However, it is necessary to grasp this temperature because high temperature turbine driven gas can obtain the turbine power. In addition, catalyses are generally effective to accelerate pyrolysis around this temperature range. Therefore, constant temperature heating tests at 627, 700 and 800 ºC are conducted for pseudo LNG gas with 5 vol % C 3 H 8 and Figure 15 (a) to (c) show the time histories of those CH 4 conversion rates. Five test pieces are employed for one heating test.
For 627 0 C and 700 0 C heating test, CH 4 conversion rates for graphite coating condition are much lower than those for n-hexane and No coating conditions and are same level with those for no test piece condition. For 800 0 C heating test, no difference appeared in CH 4 conversion rates amaong those 4 conditions and catalytic effect is not observed. At 800 0 C, the decomposition rates of CH 4 or C 3 H 8 may mainly depend on temperature rather than catalytic effect. The results in Fig.15(a) to (c) remarkably show the inhibition effect of graphite coating for LNG gas pyrolysis.
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T It is remarkable that CH 4 conversion rates for n-hexane coating and no coating conditions increase more rapidly at 627 and 700 0 C than at 800 0 C. In general, catalysis used in cracking of hydrocarbon become to deactivate with time passing because cokes deposit on its surface and reduce the catalytic effects. This reason is considered that for less than 700 0 C heating, carbon deposited at test pieces is similar compound to amorphous or activated carbon. They are chemically activated and play role of catalysis. Thus, the types of the deposits on the test pieces after constant temperature heating tests are analyzed by Raman spectroscopy. Figure  16 (a) and (b) show the reference peaks of graphite and activated carbon, respectively. Raman spectroscopy of graphite has a peak at 1350 cm -1 and that of activated carbon has two peaks at 1300 and 1570cm -1 . Peak at 1300cm -1 is higher than 1570cm -1 . Figure 17 shows the Raman spectroscopy peaks of the deposits on the test pieces after constant temperature heating test. Those pieces are used in No coating and n-hexane coating conditions. For both two conditions at constant temperature heating 700 0 C, the peaks at 1350cm -1 is higher than 1570cm -1 . On the other hand, at constant temperature heating of 800 0 C, peaks at 1350cm -1 are close to that at 1570cm -1 . The results in Fig.17 indicate the deposit at 700 0 C is similar to activated carbon and has catalytic effects. They are considered to accelerate the pyrolysis of CH 4 or C 3 H 8 . However, deposits at 800 0 C differ from those at 700 0 C and are less activated. For practical application to rocket engine designing, heating 700 0 C at regenerative cooling passage should be avoided without graphite coating. For heating of LNG at this temperature, coke begins to deposit within fuel passages and promote the thermal decomposition by itself. However, graphite coating is effective to inhibit the coking deposit for such heating conditions. Figure 15 indicate the graphite coating can inhibit coking to thermal decomposition in those temperature ranges. 
Application of graphite coating to expander cycle rocket engine
The graphite coating has the possibility to improve an expander cycle rocket engine performance because temperature at an exit of regenerative cooling passage can be higher. That leads to increase the turbine power. Simple analysis of turbopump is considered in the present study. The specification of turbopump and rocket engine are considered as Table. 2. The specification of turbopump and rocket engine are same as those studied by Schuff (2006) . 90 percent of LNG fuel is used to drive the turbopump and the rest of them are bypassed.
The combustion chamber pressure, Pc, can be given by the power balance and pressure loss at fuel passage. although the detailed analysis is still necessary. Figure 18 show the combustion chamber pressure, Pc, versus Turbine Inlet Temperature (TIT). TIT is considered to be equal to the maximum allowable temperature at the exit of regenerative cooling passage.
The effects of TIT on Pc and vacuum Isp are indicated in Figure 18 and 19, respectively. Vacuum Isp is evaluated with chemical frozen flow in a nozzle and calculated by computational code by Gordon and Mcbride [6] . The higher TIT is, the greater vacuum Isp can be obtained, however, improvement of vacuum Isp is not so great. For example, in the case of nozzle expansion of 40, only 4 sec of vacuum Isp increment ( from 337.5 sec to 342.4 sec ) can be expected when TIT would be varied from 400 K to 900 K. However, combustion pressure can be increased to about twice as shown in Fig.18 .
Therefore, practical application of graphite coating may be useful to minimize the combustion chamber size, rather than the improvement of Isp. In such cases, the size of combustion chamber will be depended on heat exchange between fuel and combustor. In our future study, more detailed and practical estimation should be conducted on heat transfer analysis and turbopump specification.
Conclusion
In the present chapter, the experimental and numerical studies on fundamental chemical phenomena of CH 4 and LNG pyrolysis are conducted. CH 4 pyrolysis is promoted by the catalytic effects of chamber material and the addition of C 3 H 8 . CH 4 pyrolysis can begin at temperature of 800 to 900 0 C, however, the catalytic effect of combustion chamber materials can reduce the temperature which CH 4 pyrolysis begins by 200 0 C. In addition, the addition of C 3 H 8 can promote the coking on the test pieces, especially it is apparent if the volumetric fraction of C 3 H 8 is more than 3.0 %. The numerical simulation can predict the experimental results of CH 4 and C 3 H 8 pyrolysis.
Based on those experimental results, the effective coking inhibition method by graphite coating for LNG rocket engine can be developed and confine pyrolysis temperature up to 700 0 C. INCONEL 600 with the graphite coating did not have their catalytic effect on LNG pyrolysis absolutely.
If this method can be applied to expander cycle rocket engine, the improvement of vacuum Isp can be achieved from 338.6 to 342.5 sec when the nozzle expansion ratio is 40. However, it is expected that the size of combustion chamber may be dramatically reduced. In the next phase, more detailed investigations for heat transfer in regenerative cooling passage and turbopump must be done for practical application of the graphite coating on the expander cycle LNG rocket engine. 
Nomenclature
